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*Abbreviations used in this paper:* HP, holding potential; SHP, subtracting holding potential.

INTRODUCTION
============

Large conductance Ca^2+^- and voltage-activated K^+^ channels (BK~Ca~) are widely distributed in human tissues, where they play a variety of roles in diverse processes, including smooth muscle contraction, neurotransmitter release, regulation of secretion in endocrine cells, and hearing ([@bib27]; [@bib24]; [@bib28]; [@bib35]; [@bib7]; [@bib25]). The BK~Ca~ channels differ from the other related K^+^ selective channels in that their open probability (Po) increases both with membrane depolarization and intracellular Ca^2+^ concentration. Intracellular Ca^2+^ increases Po by binding to at least one recognized binding site on the COOH-terminal part of the channel α subunit ([@bib37]; [@bib29]). Still, the channel can be opened by strong depolarizations in the virtual absence of intracellular Ca^2+^ ([@bib16]).

BK~Ca~ channels possess a voltage sensor encoded mainly in the forth transmembrane segment whose displacement with voltage generates gating currents (S4) ([@bib32]; [@bib4]). Most importantly, BK~Ca~ channel gating currents have an initial fast component followed by slow components that develops with a time course comparable to that of ionic current activation and reflecting charge movement associated with transitions involving open states ([@bib14]). Recent work has clarified the role of Ca^2+^ binding and voltage gating. [@bib15] have examined in detail how intracellular Ca^2+^ and membrane voltage regulate the gating of BK~Ca~ by characterizing the voltage dependence of ionic and gating currents in the presence and absence of Ca^2+^. Raising internal Ca^2+^ has only a small effect on the voltage sensor as reflected by small changes of the fast component of ON gating current, while it dramatically increases the open probability (Po), suggesting that Ca^2+^ can facilitate the population of open states without changes in the activation of the voltage sensor. Thus, it seems that Ca^2+^ binding and the movement of the voltage sensor promote the population of open states in an independent manner. The experimental data could be described by an allosteric model (Scheme II of [@bib15]) where Ca^2+^ binding and voltage sensor movement regulate the transitions from closed to open states in a practically independent manner, where the voltage sensor movement is ∼100-fold more effective ([@bib15]).

The pore loop of K^+^ channels contains the highly conserved GYG sequence, which is critical for K^+^ selectivity ([@bib12], [@bib13]; [@bib6]). An aspartate (D) downstream of the GYG signature sequence is also strongly conserved among Kv channels, but does not seem to be involved in ion selectivity ([@bib3]). According to the crystal structure of the KcsA K^+^ channel, this residue is located in the outer part of the pore, pointing away from the selectivity filter ([@bib6]; [@bib38]). [@bib18] found that replacing this negatively charged aspartate with the neutral asparagine (D447N) suppressed the open state, while leaving the voltage sensor movements practically unchanged. The same mutation in other Kv channels also abolishes conduction ([@bib23]). In the previous paper, we concluded that the removal of negative charge in the outer pore region of hSlo channels by the D292N mutation reduces the surface charge, leading to a reduction of the local K^+^ concentration and the K^+^ conductance. In this work, we have analyzed the changes in channel opening and gating currents by the D292N mutation. We found that this mutation greatly destabilizes the open state, reducing the Po and practically removing a gating current slow component associated with long channel openings. We conclude that the D292 residue, by increasing the local K^+^ concentration, is critical for both ion conduction and channel opening.

MATERIALS AND METHODS
=====================

Molecular Biology, Oocyte Preparation, and cRNA Injection
---------------------------------------------------------

The following cDNAs were used for measurements of ionic and gating currents: *Shaker*-IR (*Shaker* channel with N-type inactivation removed: *Shaker* H4 Δ6-46) ([@bib17]), *Shaker*-IR-D447N, hSlo ([@bib36]), hSlo*-*D292N, hSlo*-*R207Q, and hSlo*-*R207Q-D292N. The cDNAs were translated in vitro (mMESSAGE mMACHINE; Ambion), and the cRNA injected into *Xenopus laevis* oocytes (stage V--VI). 24 h before cRNA injection, the oocytes were treated with collagenase (200 U/ml GIBCO) in a Ca^2+^-free solution in order to remove the follicular layer. Oocytes were injected with 50 nl cRNA (0.02--0.2 μg/μl) using a "nano-injector," and maintained at 18°C in modified Barth\'s solution containing (mM) 100 NaCl, 2 KCl, 1.8 CaCl~2~, 1 MgCl~2~, 5 Na-HEPES (pH 7.6), and 50 mg/ml gentamycin.

Solutions, Electrophysiological Recordings, and Analysis
--------------------------------------------------------

### Cut-Open Oocyte Voltage Clamp.

Ionic and gating currents were recorded 1 to 5 d after cRNA injection, using the cut-open Vaseline gap voltage clamp ([@bib31]). The external solution was (mM) 110 Na-methanesulphonate (Na-MES), 2 Ca(MES)2, 10 HEPES. The internal solution was (mM) 120 K-MES, 10 HEPES. Intracellular micropipettes were filled with (mM) 2700 Na-MES, 10 NaCl. All solutions were buffered to pH 7.0. Low access resistance to the oocyte interior was obtained by permeabilizing the oocyte bottom with 0.1% saponin. Currents were recorded unsubtracted or using a P/−4, −6 subtracting protocol; the subtracting holding potential (SHP) was 0 or −120 mV depending on the pulse protocol applied.

### Patch Clamp Recordings.

Recordings were performed with conventional patch clamp techniques in the inside-out patch configuration. Single channel activity was recorded at 0 mV with various internal free Ca^2+^ concentrations. The external solution was (mM) 115 Na-MES, 5 KCl, 10 HEPES, 5 HEDTA, the internal external solution (mM) 115 K-MES, 5 KCl, 10 HEPES. To obtain different Ca^2+^ concentrations, varying amounts of CaCl~2~ was added to the internal solution. Free Ca^2+^ was measured with a Ca^2+^ electrode (World Precision Instruments). Gating currents were recorded in (mM) 110 *N*-Methyl-[d]{.smallcaps}-glucamine (NMG)-MES, 10 KCl, 10 HEPES, and 5 HEDTA buffered to 1.5 μM free Ca^2+^ (internal) and 115 tetraethylammonium (TEA)-MES, 5 TEA-Cl, 10 HEPES, and 5 HEDTA buffered to 1.5 μM free Ca^2+^. For single channel experiments in varying symmetrical K^+^ concentration, external and internal solutions contained (mM) 5 KCl, 10 HEPES, and K-MES to desired concentrations. Solutions were buffered to pH 7.0. Pipette resistance for macroscopic and gating current measurements was 0.5--3 MΩ, and for single channel measurements 10--60 MΩ. All experiments were performed at room temperature (22--24°C). The filter cut-off frequency was 1/5 of the sampling frequency. Values are reported as mean ± SEM.

### Single Channel Data Analysis.

Single channel records were analyzed with TRANSIT ([@bib33]) and analysis programs developed in the laboratory. Single channel open probability from multiple channel membrane patches was obtained from I~mean~/Ni, where I~mean~ is the mean current, and N is the number of channels estimated from the limiting values of Po and of the single channel amplitude, i, at the maximum applied voltage.

### Nonstationary Noise Analysis.

Ensemble traces of macroscopic current were recorded in inside out membrane patches in 120 mM symmetrical K-MES and 1.5 μM free Ca^2+^. Current traces were acquired at a minimum frequency of 200 kHz and filtered at 40 kHz. To obtain the mean current, the linear leak and the capacitance transients were subtracted off-line with a subtracting pulse from −100 mV to −50 mV. Nonstationary variance was obtained by subtracting pairs of subsequent records ([@bib30]). Variance was plotted versus the mean current and fitted to the theoretical variance function σ^2^(t) = I(t)i − (I(t)^2^/N), where σ^2^ is the variance, I the mean current, i the single channel current, and N the number of channels. The maximum Po was calculated from the maximum mean current: Po = Imax/(iN).

RESULTS
=======

The D to N Pore Mutation Does not Prevent Conduction in hSlo channels
---------------------------------------------------------------------

In the previous paper (Part I, [@bib11]), we have shown that the D292N mutation reduces the single channel conductance of hSlo BK~Ca~ channels by ∼40%. In this paper, we have analyzed the role of this residue on voltage and Ca^2+^ dependence of channel opening and associated gating currents.

[Fig. 1](#fig1){ref-type="fig"} A shows examples of outward K^+^ currents recorded with the cut-open oocyte voltage clamp technique (COVG) from an oocyte expressing NH~2~ terminus deletion of *Shaker* H4 Δ6--46 channels (Sh-IR, inactivation removed). Currents were elicited by a 20-ms pulse to varying potentials (indicated next to the traces) from −90 mV holding potential (HP). While depolarizations to −20 and +20 mV elicited large ionic current in the Sh-IR channel, the same voltage steps produced only gating current in the Sh-IR D447N channel ([Fig. 1](#fig1){ref-type="fig"} B). Gating currents are seen as upward and downward deflections at the beginning and end of the pulse ([@bib18]). [Fig. 1](#fig1){ref-type="fig"} C shows outward current recordings in inside-out excised patches (1.5 μM internal free Ca^2+^) from an oocyte expressing hSlo channels. Currents were elicited with varying voltage steps as indicated for each trace from 0 mV HP. An identical pulse protocol evoked ionic currents also in the hSlo-D292N channel, but the ionic current activation was much slower and was detected at more positive pulse potentials ([Fig. 1](#fig1){ref-type="fig"} D). The fact that this mutant conducts suggests that, despite the large degree of similarity in the amino acid sequences of *Shaker* and hSlo pore regions (18 of 33 similar or identical amino acids), the two pores arrange into a different structure. In the following section, we have examined changes in channel opening and charge movement induced by the hSlo*-*D292N mutant.

![The D447N pore mutation prevents conduction in *Shaker* K^+^ channel, while the corresponding D292N pore mutation in hSlo channel allows conduction. (A) Outward K^+^ current recorded with the cut open oocyte voltage clamp, from oocytes expressing Sh-IR; the current was elicited by voltage pulses as indicated for each trace, from an HP of −90 mV. (B) Current records from an oocyte expressing Sh-IR D447N channels. The fast upward and downward deflections at the beginning and end of the voltage pulses are the gating currents recorded unsubtracted during depolarizations from HP = −90 mV to the indicated potentials. (C and D) Typical current records from inside-out membrane patches from oocytes expressing hSlo and hSlo-D292N respectively, with 1.5 μM internal free Ca^2+^. HP was 0 mV. Current records were obtained 2 d (hSlo) and 4 d (hSlo-D292N) after oocyte injection; the amount of cRNA for hSlo-D292N was also 10 times higher than for hSlo. Note that the same voltage step elicited a larger and faster activating ionic current in wild-type hSlo than in the D292N mutant.](200308950f1){#fig1}

The D292N Mutation Changes the Voltage Dependence of the Activation
-------------------------------------------------------------------

[Fig. 1](#fig1){ref-type="fig"} (C and D) shows that hSlo-D292N channels seem to require stronger depolarization for activation than wild-type channels. To investigate this point, we determined the voltage dependence of channel opening in hSlo and hSlo-D292N channels. Since BK~Ca~ channels show a voltage-dependent block at very positive potentials due to divalent cations ([@bib5]) and the D292N mutation introduced a significant outward rectification (Part I, [@bib11]), the voltage dependence of activation curves were constructed taking into account the nonlinear single channel current--voltage (I--V) relationship. The fractional open probability--voltage (fPo--V) curves were obtained by dividing the steady-state I--V curve by the instantaneous I--V curve obtained from peak tail currents at various voltages after a preceding pulse to 250 mV. In this condition I--V~steady-state~/I--V~instantaneous~ = N·i~(V)~·Po~(V)~/N·i~(V)~·Po~(V\ =\ 250\ mV)~ = Po~(V)~/Po~(V\ =\ 250\ mV)~, where N is the number of channels in the patch, and i~(V)~ and Po~(V)~ are the single channel current amplitude and open probability as a function of voltage, respectively. Po~(V)~/Po~(V\ =\ 250\ mV)~ is the fractional open probability (fPo) normalized to the limiting Po value at 250 mV (Po~(V\ =\ 250\ mV)~) ([Fig. 2](#fig2){ref-type="fig"} G).

![Shift to more depolarized potentials of the voltage activation curve by the D292N mutation. (A and B) Current traces elicited by pulses to 250 mV followed by repolarizations to the indicated potentials, for hSlo (A) and hSlo-D292N (B). (C and D) Current traces elicited by 40-ms voltage steps to −50, 0, 50, 100, 150 mV from HP-50 mV (same patches as in A and B). (E and F) Instantaneous (Δ) and steady-state (○) I--V relationships for hSlo (E) and hSlo-D292N (F). The instantaneous I--V curve was measured in tail currents 40 μs after repolarization. hSlo channels have a more pronounced voltage-dependent block at positive potentials for both steady and tail currents. On the other hand, hSlo-D292N channels have a strong reduction of the instantaneous conductance at potentials more negative than +50 mV. (G) fPo vs. voltage relationship for hSlo (○) and hSlo-D292N (Δ). Averaged data points (*n* = 3) were fitted to a double Boltzmann distribution. The parameters of the fitting are Z~1~ = 1.7, Z~2~ = 1.1, V~1/2~1 = 61 mV, V~1/2~2 = 111 mV, A~1~ = 0.65 (hSlo) and 0.30 (hSlo-D292N), A~2~ = 0.35 (hSlo) and 0.70 (hSlo-D292N). Inside-out membrane patches in 120 mM symmetrical K^+^ and 1.5 μM free \[Ca^2+^\].](200308950f2){#fig2}

[Fig. 2](#fig2){ref-type="fig"} (A--D) shows a family of ionic currents to determine the instantaneous (A and B) and steady (C and D) I--V relationships. Experiments were performed in inside out patches in symmetrical 120 mM K-MES and 1.5 μM free Ca^2+^ (AC hSlo; BD hSlo-D292N). The steady-state (○) and instantaneous (Δ) I--V curves are displayed in [Fig. 2](#fig2){ref-type="fig"} E (hSlo) and F (hSlo-D292N). The I--V curves show that the voltage-dependent block at positive potentials is more pronounced in the hSlo wild-type channel, and the D292N mutant showed a reduction of the instantaneous inward conductance at potentials more negative than +50 mV, as also described in Part I ([@bib11]).

The fPo--V curves ([Fig. 2](#fig2){ref-type="fig"} G) show that hSlo-D292N channel activation had shallower voltage dependence and was shifted toward more positive potential with respect to the wild-type channels. Both activation curves could be simultaneously well fitted by the sum of two Boltzmann distributions by changing the relative amplitude of their components (A-1 and A-2), while the slope factors (z-1 and z-2) and the half activation potentials (Vhalf-1 and Vhalf-2) were identical in both channels. The main finding is that hSlo-D292N has a reduced relative contribution of the more negative component (Vhalf-1 = 61.1 mV) of the activation curve, which has the steepest voltage dependence (z-1 = 1.7 vs. z-2 = 1.1). As a result, the fPo--V curve in hSlo-D292N channels becomes shallower and right shifted.

The simplest explanation for this initial observation is that the mutation reduced the voltage-dependent population of an open state with steeper and more negative voltage sensitivity. Since channel opening in hSlo channels is associated with gating current slower components, in the following section, we have compared gating properties in hSlo and hSlo-D292N channels ([@bib15]).

Charge Displacement Seems Less Efficient to Open Channels in the hSlo-D292N than in hSlo
----------------------------------------------------------------------------------------

hSlo ionic and gating currents could not be adequately recorded in isotonic K^+^ solutions since the channel expression level required for gating current measurements generated large ionic currents that could not be voltage clamped. This problem was circumvented by reducing internal and external K^+^ concentration to 10 mM (in NMG-MES) in 1.5 μM free Ca^2+^. [Fig. 3](#fig3){ref-type="fig"} A shows subtracted records of ionic and gating currents in hSlo-D292N for a pulse from −50 mV HP to 50 mV. The trace shows ON gating current as the transient upward deflection at the beginning of the depolarization. The fast ON gating current is followed by a slowly rising ionic current of comparable size. After returning to −50 mV, the inward tail current reflects mainly the OFF gating current. [Fig. 3](#fig3){ref-type="fig"} B shows an equivalent experiment in hSlo superimposed to hSlo-D292N. In hSlo channels, the much larger ionic current almost completely masks the gating current. [Fig. 3](#fig3){ref-type="fig"} B also shows at the same gain the current trace from hSlo-D292N in A. It is obvious that for a charge movement of equivalent amplitude, ionic currents are much larger in hSlo channels. This is illustrated in [Fig. 3](#fig3){ref-type="fig"} C, which shows an enlarged view of the onset of the pulse ([Fig. 3](#fig3){ref-type="fig"} B, inset), demonstrating the reduced ionic current in hSlo-D292N when compared with hSlo for a similar charge movement. The gating current amplitude in hSlo is overestimated since it is contaminated by the time-dependent rise of the outward K^+^ current, reinforcing the view that in the hSlo-D292N channels, the ratio between the ionic currents and gating currents is much smaller than in the hSlo WT channels.

![The D292N mutation reduces the coupling between voltage sensor movement and pore opening. (A and B) Current recordings from inside-out patches expressing hSlo-D292N and hSlo. The currents were elicited by a voltage pulse to 50 mV, from an HP of −50 mV, and the linear component of the current was subtracted off-line (subtracting pulse was to −150 mV from −100 mV). (B) The traces of both hSlo and hSlo-D292N superimposed and normalized to the size of the gating current. The inset (C) shows the ON gating current from B on an enlarged scale. Note that, in proportion, a similar charge displacement elicits a much smaller ionic current in hSlo-D292N than in hSlo. Recordings performed in 110 mM NMG-MES, 10 mM KMES, and 1.5 μM free Ca^2+^.](200308950f3){#fig3}

Since gating current size provides a rough estimate of the number of channels in the patch, our finding that gating currents of similar size are followed by very large (hSlo) or very small (hSlo-D292N) ionic currents eliminates the possibility that the observed difference in the size of macroscopic current is due to lower expression of hSlo-D292N channel. In addition, the dramatic reduction in ionic current cannot be explained solely by the ∼40% reduction of single channel conductance of the mutant channel (Part I, [@bib11]). Thus, it seems that an equivalent charge displacement will open fewer channels, and with a lower Po, in hSlo-D292N than in hSlo wild type. To further characterize the relationship between charge movement and pore opening in hSlo and hSlo-D2092N channels, we have studied the properties of gating current in both channels.

The Voltage Dependence of Charge Movement is not Significantly Affected by the D292N Mutation
---------------------------------------------------------------------------------------------

Gating current measurements require the subtraction of the membrane current linear components, which are obtained from subtracting pulses in a potential range where no gating currents are elicited. We assessed various subtraction protocols to select which one has only linear components and do not distort gating currents. To evaluate the distribution of the nonlinear charge movement, membrane currents elicited by a constant pulse from −50 mV to 150 mV were scaled subtracted with currents elicited with a −100-mV pulse from different increasingly negative SHPs starting at −90 mV. These measurements were performed in symmetrical 120 mM TEA-MES with 1.5 μM free Ca^2+^ that eliminates the ionic conduction. [Fig. 4](#fig4){ref-type="fig"} A illustrates the reduction of gating current amplitude with −10 mV SHP when compared with −90 mV SHP. This indicates that the subtracting pulse from −10 mV SHP moved a fraction of nonlinear charge. To evaluate the voltage distribution of charge movement, the time integral of gating currents was plotted versus the SHP ([Fig. 4](#fig4){ref-type="fig"} B). The graph shows that charge movement amplitude increases as the SHP was made more negative, and it reaches a plateau for SHPs more negative than −50 mV. The hSlo-D292N channel showed similar results. Thus, in our experimental conditions, we used negative subtracting pulses from −100 mV SHP.

![The Q--V curves in hSlo and hSlo-D292N. (A) Gating current recordings from inside-out patches expressing hSlo, in symmetrical 120 mM TEA-MES and 1.5 μM free Ca^2+^, elicited by voltage pulses (shown above the recordings) from −50 mV to 150 mV. The linear capacity transients were subtracted off-line by using different SHPs, as indicated for each trace. (B) Plot of the absolute value of the time integral of OFF gating currents vs. SHP for hSlo. Identical results were obtained for hSlo-D292N. Note that for SHP negative to −50 mV, the charge remains unchanged. (C and D) Gating currents recorded from inside-out patches from oocytes expressing hSlo (C) and hSlo-D292N (D), in symmetrical 120 mM TEA-MES, with 1.5 μM free Ca^2+^. The currents were elicited by 10-ms voltage steps to the indicated voltages. Each trace is subtracted with a subtracting pulse from a holding of −100 mV to −150 mV. (E) Averaged and normalized Q--V curves estimated from the OFF gating current for hSlo (○) and hSlo-D292N (•) (*n* = 3 ± SEM). Curves were normalized to the mean charge calculated for voltage steps to 230 mV, 240 mV, and 250 mV. The two Q--V curves were fitted to a single Boltzmann distribution in the form 1/(1+exp(zF(V~half~ − V)/ RT)), where F, R, and T are the usual thermodynamic parameters. Parameters fitting were for hSlo: V~half~ = 96 mV and z = 0.77, for hSlo-D292N: V~half~ = 106 mV and z = 0.74.](200308950f4){#fig4}

[Fig. 4](#fig4){ref-type="fig"} C shows gating currents at varying potentials for hSlo (C) and hSlo-D292N (D) channels. The traces show that gating current time course for potentials up to 100 mV are very similar in both hSlo and hSlo-D292N. However, at potentials close to the limiting Po value (+150 mV; [Fig. 2](#fig2){ref-type="fig"} G), ON and OFF gating in the hSlo channel have a more pronounced slower component of decay than in the hSlo-D292N channel ([Fig. 5](#fig5){ref-type="fig"}). Charge--voltage (Q--V) curves were calculated by plotting the OFF gating charge at each potential as function of voltage. Charge displacement in both clones have ON and OFF equality, however, in some cases at very high potentials, ON gating currents can be contaminated by outward ionic currents. Thus, Q--V curves were obtained by plotting the OFF gating charge. The fact that Q--V curves saturate at very positive potentials indicates the adequacy of the measurements and the lack of significant ionic current contamination. [Fig. 4](#fig4){ref-type="fig"} E shows that normalized Q--V curves for hSlo (○) and hSlo-D292N (•) were practically superimposed. The finding that the Q--V curves were practically identical in both the wild-type and mutant clone indicates that the D292N mutation does not significantly affect the overall voltage dependence of the voltage sensor. The right shift of the fPo--V in hSlo-D292N channels could be related to the reduction of the gating current slow components that is associated with transitions to open states ([@bib14], [@bib15]), and as the charge movement slow components carry relatively little charge, its reduction in the hSlo-D292N channel would not significantly modify the Q--V relationship.

![The slow component of gating currents is reduced in the hSlo-D292N channel. (A) Gating current traces for hSlo and hSlo-D292N for a pulse from −50 mV to 150 mV. (B) ON gating currents (inset of A) with τ~fast~ = 0.052 ms and τ~slow~ = 1.1 ms; the slow component amplitude was reduced from 70% in hSlo to 25% in hSlo-D292N. (C) OFF gating currents (inset of A) with superimposed fits: τ~fast~ = 0.022 ms, τ~medium~ = 0.083 ms, τ~slow~ = 0.350 ms, for both clones; the relative amplitudes of the components were A~fast~ = 51%, A~medium~ = 35%, and A~slow~ = 14% for hSlo, and A~fast~ = 89%, A~medium~ = 10%, and A~slow~ = 1% for h*slo* D292N. Gating current recordings in 120 mM TEAMES and 1.5 μM free Ca^2+^.](200308950f5){#fig5}

Reduction of ON Gating Current Slow Component in hSlo-D292N Channels
--------------------------------------------------------------------

BK~Ca~ ON gating currents measured in the mSlo clone in internal nominal "0" Ca^2+^ (0.8 nM) showed a fast and slow component with time constants of 63 μs and 4.22 ms ([@bib14]). We found similar fast and slow components in ON and OFF hSlo gating currents in 1.5 μM internal Ca^2+^. Since in an allosteric model of BK~Ca~ channel activation, gating current slow components are associated with transitions involving open states, and hSlo-D292N channels have a much lower Po (see below), we compared gating current components in hSlo and hSlo-D292N channels. [Fig. 5](#fig5){ref-type="fig"} (A--C) illustrates superimposed traces of gating currents in hSlo and hSlo-D292N channels for a pulse from −50 mV to +150 mV. hSlo ON and OFF gating currents relaxed with two components for ON gating currents and three for OFF gating currents. [Fig. 5](#fig5){ref-type="fig"} B shows superimposed traces and fitted curves for ON hSlo and hSlo-D292N gating currents with the same fast (52 μs) and slow (1.1 ms) time constants, but in the hSlo-D292N, the relative contribution of the slow component to the total charge was reduced from 70 to 25%. OFF gating currents were fitted with the sum of three exponential functions with the same time constant values for both clones (τ~fast~ = 0.022 ms, τ~medium~ = 0.083 ms, τ~slow~ = 0.350 ms) but with a 10-fold reduction of the slow component in hSlo-D292N channel.

To further characterize the differences in gating current components in hSlo and hSlo-D292N channels, we measured OFF charge movement following pulses of different durations. In this protocol, OFF charge amplitude corresponds to the charge that has moved during the preceding pulse depolarization. OFF gating currents at negative potentials can be accurately measured since they are much faster than ON gating current and their measurements are less dependent on the baseline during depolarizing pulses, which may have contamination of outward ionic currents. [Fig. 6](#fig6){ref-type="fig"} (A and B) shows superimposed gating current traces for hSlo (A) and hSlo-D292N (B), with the voltage protocol displayed above the traces. OFF charge amplitude as a function of the pulse duration is plotted for two different sets of data for each clone in [Fig. 6](#fig6){ref-type="fig"} (C, hSlo, and D, hSlo-D292N). The total charge displaced increased with pulse duration following a bi-exponential time course. The envelope of the OFF gating charge was fitted by the sum of two exponential functions, with the same fast and slow time constants (τ~fast~= 40 μs, τ~slow~ = 1.1 ms). The relative contribution of the charge movement slow component diminished from 55% in the hSlo to 26% in hSlo-D292N. These values are very similar to the ones obtained by directly fitting ON gating currents ([Fig. 5](#fig5){ref-type="fig"} B), reinforcing the view that hSlo-D292N channels have a reduced ON charge slow component. This is consistent with the idea that the slow gating current component reflects transitions involving open states ([@bib14]). We can conclude that the D292N mutation greatly reduces the slower component of ON and OFF gating currents, which can be associated with transitions to open states and could be the basis for the reduced channel opening with voltage in hSlo-D292N channels.

![Reduction of the charge movement slow component in the hSlo-D292N channel. OFF gating currents in hSlo (A) and hSlo-D292N (B) elicited by voltage pulses from HP −50 mV to 150 mV of increasing durations, ranging from 40 μs to 10.2 ms. (C and D) OFF charge from two experiments as in A and B plotted as a function of the pulse duration. Data were normalized to the charge displaced by the 5.1-ms pulse and fitted to a bi-exponential function with a single fast (40 μs) and slow (1.1 ms) time constant. The charge movement slow component was reduced from 55% in hSlo to 26% in hSlo-D292N. Gating current recordings in 120 mM TEAMES and 1.5 μM free Ca^2+^.](200308950f6){#fig6}

Reduction of OFF Gating Current Slow Component in hSlo-D292N Channels
---------------------------------------------------------------------

To further characterize the changes induced by the D292N mutation in the relationship between charge movement and pore opening, we have analyzed the kinetics of the three components of OFF gating currents ([Fig. 5](#fig5){ref-type="fig"} C) with the framework of the recent allosteric model for BK~Ca~ channel gating ([@bib14]). This model predicts that OFF gating current relaxation after a large depolarization that maximally populates open states will display fast, medium, and slow components related to C--C, O--O, and O--C transitions, respectively.

The experiments in [Fig. 7](#fig7){ref-type="fig"} confirm the observations of [@bib14] for hSlo wild-type clone and reveal a significant reduction of the slow component of the OFF gating current in hSlo-D292N when compared with hSlo. [Fig. 7](#fig7){ref-type="fig"} (A and B) shows OFF gating currents following depolarizations to 150 mV of increasing durations. The slow component of the OFF hSlo-D292N gating current is significantly reduced. OFF gating currents from the two clones were simultaneously fitted by the sum of three exponential functions. [Fig. 7](#fig7){ref-type="fig"} (C and D) shows in a semilog plot selected traces from A and B with the superimposed fits. The relative amplitude of the three components of the OFF gating current varies with the pulse duration and is plotted in [Fig. 7](#fig7){ref-type="fig"} E. In hSlo, the relative amplitude of the slow and middle component increases with the pulse duration, while the contribution of the fast component is reduced ([Fig. 7](#fig7){ref-type="fig"} D, open symbols). A similar pattern is shown for hSlo-D292N, but the amplitude of the slow component rapidly saturated for brief depolarizations (1 ms), and its steady-state value was significantly reduced. The reduction of the slow component provides an indication of a reduced population of open states, which is in agreement with a lower Po in hSlo-D292N (see [Fig. 9](#fig9){ref-type="fig"}). The reduction of the slower component of the OFF gating current in quasi steady-state condition (10.2-ms pulse) is illustrated in the bar graph in [Fig. 7](#fig7){ref-type="fig"} F. In summary, the reduction in hSlo-D292N gating current slow component together with the increase in the gating current fast component suggest that hSlo-D292N channels deactivate mainly from closed states due to their low Po.

![OFF gating current components with different pulse durations. (A and B) Superimposed OFF gating currents following different pulse durations (0.04 ms to 10.2 ms) in hSlo and hSlo-D292N as shown in [Fig. 6](#fig6){ref-type="fig"} (A and B). Note the more prominent slow components in hSlo. (C and D) Selected traces from A and B with superimposed fits to the sum of three exponential functions. (D) Relative amplitudes of fast, slow, and medium components as function the pulse durations for hSlo (open symbols) and hSlo-D292N (filled symbols) with τ~fast~ = 0.017 ms, τ~medium~ = 0.062 ms, and τ~slow~ = 0.278 ms for both clones. Note that the amplitude of the slow component was greatly diminished in hSlo-D292N. (E) Average values in hSlo (*n* = 6) and hSlo-D292N (*n* = 9) of the relative amplitude of fast, medium, and slow OFF gating current components at −50 mV following a 10.2-ms pulse to 150 mV. Time constant values were: hSlo, τ~fast~ = 0.020 ± 0.003 ms, τ~medium~ = 0.062 ± 0.01 ms, and τ~slow~ = 0.371 ± 0.140 ms; hSlo-D292N, τ~fast~ = 0.019 ± 0.003 ms, τ~medium~ = 0.059 ± 0.007 ms, and τ~slow~ = 0.333 ± 0.054 ms.](200308950f7){#fig7}

hSlo-D292N Channels Show Reduction of Single Channel Conductance and No Changes in Ca^2+^ Sensitivity
-----------------------------------------------------------------------------------------------------

We have previously shown that gating currents of similar size are associated with large ionic currents in hSlo and very small ionic currents in hSlo-D292N ([Fig. 3](#fig3){ref-type="fig"}). To characterize the mechanism of this current reduction, we have measured in hSlo and hSlo-D292N single channel conductance and the limiting Po values at saturating internal Ca^2+^ concentrations and depolarizing voltages. [Fig. 8](#fig8){ref-type="fig"} shows single channel recordings of hSlo (A) and hSlo-D292N (B) at 0 mV with asymmetric K^+^ concentrations (120 mM K^+^ internal and 5 mM K^+^ external) and 400 μM \[Ca^2+^\]~i~. hSlo channels show high Po values with long openings (upward deflections), while hSlo-D292N channels have small Po values with brief openings and ∼40% reduction of single channel amplitude (Part I, [@bib11]). The total point histogram ([Fig. 8](#fig8){ref-type="fig"} B) illustrates both the reduction in single channel amplitude (hSlo 5.1 pA, hSlo D292N 1.9 pA) and Po, as indicated by the large reduction of the area of the right peak representative of the open state.

![The Po at limiting \[Ca^2+^\]~i~ at 0 mV is significantly lower in hSlo-D292N than in hSlo. (A) Single channel activity from inside out patches of oocytes expressing hSlo (left) and hSlo-D292N (right) channels. Recordings at 0 mV, in asymmetric K^+^ concentration (\[K^+^\]~o~ = 5 mM, \[K^+^\]~i~ = 120 mM) with 400 μM free \[Ca^2+^\]~i~. (B) Total point histograms from the experiment in A. (C) Po vs. \[Ca^2+^\]~i~ plot at 0 mV for hSlo and hSlo-D292N. Each point is the average of three patches of hSlo channels and six membrane patches for hSlo-D292N channels. The data were fitted to the Hill equation (Po = MaxPo/(1+(K~1/2~/\[Ca\])^n^)), with *n* = 1.3, MaxPo = 0.06 D292N, and *n* = 1.7, MaxPo = 0.47 for WT. K~1/2~ = 19.5 μM for both channels.](200308950f8){#fig8}

[Fig. 8](#fig8){ref-type="fig"} C shows Po--Ca^2+^ curves at 0 mV from 0.06 μM to 10 mM in the two clones. Both Ca^2+^ activation curves were fitted to the Hill equation (Po = Po~Max~/(1 + (K~1/2~/\[Ca\])^n^, continuous lines), with a common K~1/2~ = 19.5 μM and a Hill coefficient (n) of 1.7 for hSlo and 1.3 for hSlo-D292N. The main difference was a dramatic reduction of Po~Max~ from 0.48 in hSlo to 0.06 in hSlo-D292N. These results indicate that the D292N mutant retains its Ca^2+^ sensing properties unchanged, but when the Ca^2+^ binding site is saturated, it opens with a very low probability, resulting in small macroscopic ionic currents.

D292N Mutation Reduces the Limiting Po of the hSlo Channel
----------------------------------------------------------

To define the limiting Po value of hSlo-D292N channels, we performed nonstationary variance-mean analysis at saturating depolarizations for the fPo--V curve ([@bib30]). [Fig. 9](#fig9){ref-type="fig"} (A and B) shows 100 superimposed traces for pulses from −50mV to 250 mV in hSlo (A) and hSlo-D292N (B). As previously shown in [Fig. 1](#fig1){ref-type="fig"}, hSlo channels have a faster activation time course. [Fig. 9](#fig9){ref-type="fig"} (C and D) is the variance versus mean plot for hSlo and hSlo-D292N channels. Data points were fitted to the theoretical variance function σ^2^(t) = I(t)i − (I(t)^2^/N), where σ^2^ is the variance, I the mean current, i the single channel current, and N the number of channels. The maximum Po (Po~Max~), calculated from Po~Max~ = I~max~/(iN), where I~max~ is the peak current during the pulse, was 0.71 ± 0.07 (*n* = 3) for the hSlo channel, while it reached only 0.17 ± 0.05 (*n* = 5) in the pore mutant. This analysis confirmed the reduction in single channel current amplitude, which at 250 mV was 41 ± 1 pA (*n* = 3) in hSlo and 17 ± 4 (*n* = 5) pA in hSlo-D292N. Similar results in Po were obtained for depolarization to 100, 150, and 200 mV. We can conclude that the D292N mutation reduces the gating current slow component and prevents full channel opening at limiting internal Ca^2+^ concentration and positive voltages.

![Variance analysis shows a reduced limiting Po for the mutant hSlo-D292N channels. (A and B) Superimposed K^+^ current traces (100) recorded with pulses from −50 mV to 250 mV in 120 symmetrical K-MES with 1.5 μM free Ca^2+^ from hSlo (A) and hSlo-D292N (B). (C and D) Variance--mean current plots in two other patches for hSlo (C) and hSlo D292N (D). Data points were fitted to σ^2^(t) = I(t)i − (I(t)^2^/N), where σ^2^ is the variance, I the mean current, i the single channel current, and N the number of channels. Values were for hSlo PO~max~ = 0.72, i = 39 pA, and N = 419, and for hSlo-D292N PO~max~ = 0.26, i = 19 pA, and N = 1,000.](200308950f9){#fig9}

DISCUSSION
==========

The salient changes in channel function caused by the D292N mutation in the hSlo channel are a drastic reduction in the limiting Po values at high voltages, a shift to more depolarized potentials of the voltage dependence of channel opening, and a reduction of single channel conductance. These changes occur without significant modification in the channel Ca^2+^ sensitivity or in the voltage dependence of the movement of the voltage sensor. The shift to more depolarized potentials of the activation curve by the D292N mutation indicates a destabilization of the open state. hSlo and hslo-D292N activation curves were adequately fitted with the sum of two Boltzmann distributions with the same slope factor and by changing their relative amplitudes. The steeper and more negative component of the activation curve was drastically reduced by the D292N mutation (from 0.65 to 0.30), suggesting that the population of open states that occurs early in the activation pathway is reduced by the mutation. This change in the relative amplitude of the initial steeper component produces an overall shallower activation curve.

A careful analysis of gating current kinetic properties demonstrated that slow components of hSlo-D292N were greatly reduced. The fact that the hSlo gating current slow components are a small fraction of the total charge may explain why the reduction of these components is not reflected in the steady-state Q--V curves, which were not significantly different in hSlo and hSlo-D292N channels. These observations agree with the idea that a large fraction of hSlo charge movement that constitutes the fast component occurs in transitions between closed states before channel opening. The fact that hSlo-D292N channels have much lower limiting Po values than the wild-type channel either at limiting \[Ca^2+^\]~i~ or at very depolarized potentials (+250 mV) ([Figs. 8](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"}) further indicates that the D292 residue is critical to facilitate transitions to open states.

What remains to be explained is how a pore mutation that destabilizes the open state results in the reduction of the gating current slow components, which are reflecting gating charge movements in transitions to open states. In Part I, we have shown that the neutralization of the negative D292 residue (located outside, but in the near proximity of the selectivity filter) reduces the single channel conductance by the destabilization of K^+^ binding in the selectivity filter due to a reduction of the local K^+^ concentration (Part I, [@bib11]). As a consequence, the lack of K^+^ in the pore region would cause an impairment of the channel gate. The inability for the channel to open would be reflected at the level of gating current, with the reduction in the slow component (associated to channel opening). This is an interesting hypothesis that implies a fairly rigid coupling between voltage sensor movement and pore opening; however, a single mechanism (the reduction in surface charge density) can explain all the effects observed in the D292N mutant.

On the other hand, it can also be postulated that the D292N mutation induces allosteric changes in the gating machinery that couples the movement of the voltage sensor with the internal gate located in the cytoplasmic region of the S5 and S6 segments. In this case, voltage-dependent conformational changes in these segments generate the gating current slow components that trigger long channel openings. In fact, BK~Ca~ channels follow a rather complex activation and deactivation pathway, involving multiple open states, that has been recently studied and modeled by [@bib14] in the mSlo channel. The authors adopted an allosteric model for BK~Ca~ channel activation, composed by two parallel lines of open (upper) and closed (lower) states interconnected (Scheme 1 of [@bib14]). This model can predict the experimental data, showing that the rate constants governing the transitions among the open states are significantly slower than those involved in transitions among closed states. In particular, the slow component reflects the transitions from the open to closed states (vertical transition in the Scheme 1 of [@bib14]). The fact that we observed an ∼10-fold reduction in the amplitude of the OFF gating current slow component in hSlo-D292N, compared with hSlo, supports the idea that the mutation prevents the channel to reach stable open states, and that during depolarizations, mostly closed states become populated. On the contrary, in hSlo, the slow component of the OFF gating current is clearly evident, develops during depolarization, and seems to correlate with a different and more robust population of open states. This finding, together with the observation that also the Po is very much reduced in hSlo-D292N suggests that a small number of open states becomes populated during depolarizations. In other words, the gating currents of hSlo D292N mainly report the fast transitions among closed states, since the open states are rarely populated.

The importance of D292 for the stability of open states does not seem to be limited to hSlo channels. The corresponding residue in Kv2.1 channels (D378) appears to have a similar role in open state stability ([@bib3]). Even the conservative D378E mutation in Kv2.1 channels introduces a flickering channel activity, resulting in a markedly reduced Po. In a simulation study of the KcsA channel, [@bib10] suggest that residue D80 (corresponding to hSlo D292) is involved in a salt bridge with R89 (R301 in hSlo) ([@bib10]). The authors propose that the disruption of this bridge might be the reason why mutations of either of these two residues produce nonfunctional pores in several K channels ([@bib8]; [@bib19]; [@bib26]). The fact that neutralization of D292 in hSlo produced a still functional channel implies that the putative salt bridge is either absent or less important for channel function than in the Kv channels studied. Still, the destabilization of the mutant channel open state might result from disruption of this salt bridge. In addition, another model of the arrangement of pore residues around the selectivity filter ([@bib2]) suggests that D80 in KcsA is also involved in two hydrogen bonds, with G79 (G291 in hSlo, in the GYG pore sequence) and E71 (V283 in hSlo). Disruption of one or more of these bonds is likely to affect the structure of the pore, which may reduce the conductance and/or open probability.

The importance of hydrogen bonds and salt bridges for the functionality of the pore is also strengthened by other mutations in the vicinity of the selectivity filter. For example, mutating the residues Y293 and F294 in the *Drosophila* BK~Ca~ (d*Slo*) to W have profound effects on the permeation and gating properties of the channel ([@bib20]). The Y293W mutation introduced outward rectification of the single channel conductance, while the F294W mutation resulted in greater flickering activity of the channel. In summary, the structure and properties of the pore seem to depend upon numerous interactions between different residues, and thus, mutation of one residue may have effects also in more distant areas of the channel. According to this point of view, the D292N mutation may affect the voltage activation process by subtle changes in the overall channel conformation.

As the slow component of the charge movement has been associated with the final transition between closed and open state ([@bib32]), this result supports the view that the D292N mutation prevents transition to a relatively stable open state. Indeed as shown in [Fig. 6](#fig6){ref-type="fig"}, the overall open probability was significantly reduced by the mutation. Our results have reproduced in hSlo the finding by [@bib14] relative to the development of the slow component in the OFF gating, as the duration of the depolarization increases.

In conclusion, the general pattern of effects generated by the neutralization of D292 can be explained by a combination of structural modification and reduction in surface charge density (Part I, [@bib11]). As discussed in Part I, the structural modification could also be explained by the decrease of the local \[K^+^\] caused by D292 neutralization. Temporary absence of K^+^ could cause collapses of the pore, which is revealed as a severely reduced Po. The collapse of K^+^ pores in absence of K^+^ has been reported previously ([@bib1]; [@bib9]; [@bib22]; [@bib34]; [@bib21]).

Our results indicate that the D292 residue, situated directly outside the selectivity filter, plays a key role in ion conduction, as well as in pore opening triggered by voltage or intracellular Ca^2+^. The D292N pore mutation (a) shifts the overall activation curve toward more depolarized potentials, (b) destabilizes the open state, and (c) greatly reduces the limiting Po.
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